Birds have many physiological characteristics that are convergent with mammals. In the light of recent evidence that mammals can maintain a constant insensible evaporative water loss (EWL) over a range of perturbing environmental conditions, we hypothesized that birds might also regulate insensible EWL, reflecting this convergence. We found that budgerigars (Melopsittacus undulatus) maintain EWL constant over a range of relative humidities at three ambient temperatures. EWL, expressed as a function of water vapour pressure deficit, differed from a physical model where the water vapour pressure deficit between the animal and the ambient air is the driver of evaporation, indicating physiological control of EWL. Regulating EWL avoids thermoregulatory impacts of varied evaporative heat loss; changes in relative humidity had no effect on body temperature, metabolic rate or thermal conductance. Our findings that a small bird can regulate EWL are evidence that this is a common feature of convergently endothermic birds and mammals, and may therefore be a fundamental characteristic of endothermy.
Introduction
Evaporative water loss (EWL) is an important physiological variable, as it may account for the majority of an animal's water loss and has implications for heat balance [1] . Total EWL may occur as the consequence of insensible and thermoregulatory EWL. Insensible EWL occurs via both respiratory and cutaneous avenues, and is an inevitable consequence of the permeability of the skin and respiratory surfaces to water vapour [2] . Thermoregulatory EWL refers to augmented water loss at high ambient temperatures (T a ), arising from responses such as panting and sweating to dissipate heat [2] .
It is well known that endothermic mammals and birds are able to regulate their thermoregulatory EWL [1, 3] . However, insensible EWL has been traditionally thought to be passive, determined physically by the water vapour pressure deficit (Dwvp) between an animal and its environment [4 -6] . A high Dwvp, e.g. low environmental relative humidity (RH), should lead to high rates of EWL and vice versa. Consequently, we would expect EWL/Dwvp to be independent of environmental wvp, and RH, if insensible EWL was simply a physical process [6] .
Recently, it has been demonstrated that some mammals have a constant insensible EWL under perturbing evaporative conditions [6 -8] , implying some form of acute physiological control. This apparent regulation of insensible EWL has been observed for both marsupial [6, 7] and placental [8] mammals, which diverged some 148 MYBP [1] , suggesting that it may be a fundamental characteristic of mammalian physiology. Birds are the other major group of endothermic vertebrates; they evolved endothermy independently to mammals from different reptilian groups (divergence approx. 300 MYBP) [9, 10] , but are remarkably convergent in many aspects of their physiology [11] . A convergent capacity for birds to also regulate insensible EWL would indicate that maintaining EWL independent of perturbing environmental conditions is fundamental for endotherms.
Birds have the capacity to modify their insensible EWL over an acclimatory period of weeks to months [12, 13] , presumably as a consequence of changes in skin lipids [14, 15] and/or modification of expired air temperature (T exp ) [16, 17] . However, there is as yet no clear evidence of an acute response over a time frame of hours, as has been observed for mammals, although our re-analysis of published EWL data for a suite of birds and mammals suggests that birds may also possess this ability [6] , and Ro & Williams [18] noted that live and dead passerine birds had different rates of cutaneous EWL (CEWL) implying physiological regulation. Webster et al. [5] and Webster & Bernstein [19] proposed the idea of physiological control of EWL measured at different RH for pigeons, although the unusual capacity of columbiform birds to augment CEWL [20] [21] [22] makes this observation difficult to unequivocally interpret as regulation of insensible EWL.
We investigate here whether a psittaciform bird (the budgerigar Melopsittacus undulatus) is able to control its insensible EWL independent of ambient RH. We measure EWL for budgerigars at varying T a and RH, along with metabolic rate (MR) and ventilatory parameters. We partition total EWL into CEWL and respiratory EWL (REWL) [23] components by estimating evaporative surface temperature (T surface and T exp ) to evaluate evidence for EWL control.
Material and methods
Seven wild-type male budgerigars (M. undulatus) were obtained from a parrot fancier in Perth, Western Australia, and housed in outdoor aviaries. Wild-type budgerigars can be morphologically and physiologically quite different to aviary strains [24] . Open-flow respirometry [25] was used to measure oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ) and EWL of budgerigars at each RH (approx. 15, 40, 60 and 80%) and T a (20, 25 and 308C) combination. Post-absorptive birds were measured overnight for a minimum of 8 h at a single RH and T a combination each night. Chamber RH was controlled by pre-conditioning inlet air to less than 2% RH (using Drierite) for measuring flow rate (Sierra Instruments 901C-PE, Monterey, CA, USA; 400 ml min 21 ), and then humidifying it to the required RH by saturating the inlet air at the appropriate water temperature for the required chamber RH at that particular T a [6, 7, 26] . Temperature and RH of excurrent chamber air were measured with a Vaisala HMP 45A RH and T a probe. The air was then dried with drierite and the O 2 and CO 2 content measured with a Foxbox (Sable Systems, Las Vegas, NV, USA) or Combo (David Bishop, Cambridgeshire, UK) analyser; analogue outputs were interfaced to a PC, running custom-written (VB6) data acquisition software. Whole-body plethysmography [27, 28] was used to measure ventilatory variables of respiratory frequency ( f R ) and tidal volume (V T ), using a Motorola MPX2010DP pressure sensor (Denver, CO, USA) and custom-manufactured analogue amplifier/offset signal conditioner, with a Pico ADC11/12bit A/D converter (Pico Technology, St Neots, Cambs, UK) sampling at 50 Hz. At the conclusion of each experiment, T b was measured using an RS 611-234 thermocouple meter (Radiospares, Smithfield, NSW, Australia) with a plastictipped thermocouple inserted into the cloaca, typically within 30 -60 s of removing the bird from the chamber. A baseline of background O 2 , CO 2 and RH values was established for at least 30 min before and after each experiment.
Calculations [25] of MR (VO 2 and VCO 2 ) and EWL were for a period of at least 20 min during which values were low and constant. Wet (C wet ) and dry (C dry ) thermal conductances were calculated as MR/(T b 2T a ) and (MR2EHL)/(T a 2T b ), respectively, where MR was converted to J g 21 h 21 using the measured respiratory exchange ratio (VCO 2 /VO 2 ) for that experiment, and evaporative heat loss (EHL) calculated as EWL Â 2.4 J g 21 h
21
, after [1, 3] . Calculations of f R and V T were after [27 -29] and minute volume (V I ) was calculated as f R Â V T ; oxygen extraction efficiency (EO 2 ) was calculated using VO 2 measurements [30] .
Calibration of the mass flow controller used a volumetric flow meter (Gilibrator 2, Sensidyne, St Petersburg, FL, USA). The gas analysers were calibrated using nitrogen (0% O 2 and CO 2 ), room air (21% O 2 ) and a precision gas mix (BOC gasses, Perth, WA, Australia) of 0.53% CO 2 . The RH probe was calibrated against the known baseline incurrent humidities, and temperature with a mercury thermometer traceable to a national standard.
EWL can be expressed relative to the water vapour pressure deficit (i.e. EWL/Dwvp) in three ways. First, we calculated Dwvp as the difference between the wvp at ambient RH and saturation wvp at T a . Second, we calculated Dwvp as the difference between the wvp at ambient RH and saturation wvp at T b . Third, we calculated a Dwvp using the T exp and T surface (hence saturation wvp) for the respiratory and cutaneous components of total EWL, and their percentage partitioning. We estimated T surface , T exp and cutaneous resistance (R) and partitioned total EWL into CEWL and REWL, using the iterative model of Withers et al. [23] to solve for the most likely T surface , T exp and %CEWL and %REWL. The iterative model calculates REWL from V I , based on expired humidity (assumed to be saturated) and T exp , and inspired (ambient) humidity and temperature, and calculates CEWL from T surface , overall resistance to CEWL (R) and body surface area (calculated as 10M 0.67 cm 2 ), then finds the best fit of CEWL þ REWL to the measured total EWL. T surface is calculated to be lower than T skin , because of the additional resistance of the plumage and air boundary layer to cutaneous resistance to evaporation. The model varies T exp and T surface within biological limits (T a and T b ) and R . 0 to estimate the best fit for T exp , T surface and R. For more detail and a sensitivity analysis of the iterative model, see Withers et al. [23] . Hygrometeorological equations were used to calculate saturation wvp at the appropriate temperature [26] and wvp was calculated as saturation wvp T a Â RH/100. The water vapour pressure deficit (Dwvp) was then calculated as saturation wvp animal 2 ambient wvp, and was used to correct EWL for water vapour pressure deficit (i.e. EWL/Dwvp).
Values are presented as mean + standard error of the mean (s.e.m.) with N ¼ number of individuals and n ¼ number of measurements. Multi-variate repeated-measures analysis of variance was used to examine an overall effect of temperature and RH treatments for body mass. Linear and reverse Helmert a priori repeated-measures contrasts [31] were used to statistically describe the pattern of the RH treatments (SPSS v. 23) at each T a .
Results
The body mass of budgerigars was 28.6 + 0.39 g over all experiments (N ¼ 7, n ¼ 84) and did not differ at the various
There was, however, a significant difference in the body mass of individuals (F 1,6 ¼ 860, p , 0.001).
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171478 (a) Evaporative water loss For EWL (figure 1), the negative linear pattern in EWL with RH, expected from physical principles, was not apparent at For EWL expressed as a function of Dwvp, calculated using saturation wvp at T a 2 ambient wvp (figure 2), contrasts indicated a linear and positive RH effect at each T a (F 1,6 ! 10.0, p 0.019). When Dwvp was calculated using saturation at T b 2 ambient wvp, RH effects were positive and linear at T a of 20 and 308C (F 
Discussion
Wild-type budgerigars did not conform to a physical model of insensible EWL decreasing linearly with increasing ambient wvp. There was no significant effect of RH on EWL, and we found that EWL/Dwvp versus RH had a significant positive slope, so Dwvp is not the only driver of insensible EWL for budgerigars. We conclude that this small desert bird shares the ability of some marsupial and placental mammals [6] [7] [8] rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171478
Presumably, very high RH pushes the limits of the budgerigar's EWL regulatory mechanism.
The generally accepted physical model for insensible EWL is that Dwvp is the driving force (e.g. [5] [6] [7] [8] 19, 34] ), predicting that EWL/Dwvp is independent of RH (slope ¼ 0) and so a slope = 0 implies some form of EWL regulation. To examine the hypothesis that EWL/Dwvp is independent of RH, it is straightforward to statistically determine if the slope of the function of EWL/Dwvp versus RH ¼ 0, but it is not so straightforward to calculate EWL/Dwvp. The wvp at the animal's evaporative surfaces is often considered to be saturation wvp at the ambient T a ( [6] and references therein), but this will underestimate Dwvp, overestimate EWL/Dwvp and exaggerate the effect of RH (figure 2), as the temperatures of the evaporative surfaces are generally greater than T a . Calculating saturation wvp at T b provides a more realistic estimate of the Dwvp, albeit an overly conservative approach, as using T b will overestimate Dwvp and underestimate its change with ambient RH (figure 2).
The most realistic determination of Dwvp is calculated from the partitioning of REWL and CEWL and their respective evaporative temperatures. However, accurate measurement of these variables is logistically challenging, particularly if care is taken to ensure the animal is calm, resting and able to adopt a natural posture [5, 23] . Consequently, we partitioned EWL and calculated evaporative temperatures using an iterative model that incorporated metabolic, thermal, hygric and ventilatory variables [23] for our unrestrained budgerigars to avoid potential experimental artefacts from stress or restraint (e.g. hyperventilation). This partitioning resulted in CEWL estimates of 30, 38 and 53% of total EWL, compared with CEWL partitioning of 45-80% for direct but invasive measurements of birds at and below thermoneutrality [18, [35] [36] [37] [38] . Corresponding evaporative temperatures for CEWL (T surface ) and REWL (T exp ) were substantially lower than T b at low T a , but more closely approximated T b at higher T a , as expected from thermoregulatory responses to heat loss. The expired air of most birds and mammals is cooled by nasal countercurrent water and heat exchange, so T exp is expected to be lower than T b [16] . Skin temperature is usually close to or slightly less than core T b [39, 40] , but the additional resistance of the pelage to EWL means that the effective body surface temperature we calculated for evaporation (T surface ) is less than T skin . Using Dwvp calculated from these estimates of T exp and T surface , and %CEWL and %REWL, resulted in an estimate of EWL/Dwvp that was (as expected) intermediate between that calculated from T a and T b , but more closely approximated T b ( figure 2) .
Overall, we conclude that EWL/Dwvp increased linearly with RH, deviating from the physical model of no linear relationship, for all three potential calculations for Dwvp. Even with the most conservative approach (using T b to calculate the Dwvp), significant linear RH effects on EWL/Dwvp were confirmed for two of the three T a . For our best estimate of Dwvp, we statistically showed clear divergence from a predicted slope of 0 for EWL/Dwvp at T a of 20, 25 and 308C, with slopes of 0.00414 + 0.00137, 0.00246 + 0.00094 and 0.00390 + 0.00113 mg g 21 h 21 kPa 21 8C 21 , respectively. Our findings support earlier suggestions [6, 18, 34] that the insensible EWL of birds may be under physiological regulation and, together with recent data for marsupial and placental mammals [6] [7] [8] , provide clear evidence that this phenomenon occurs in representatives of the two major groups of convergently endothermic vertebrates. The implication of this is that regulation of insensible EWL has fundamental importance for the function for endotherms, so how and why these endothermic birds and mammals might regulate their insensible EWL needs to be considered further. Regulation of insensible EWL has ramifications for water status, as an unregulated increase in EWL at low ambient RH could compromise water balance; reducing EWL at low RH has intuitive adaptive significance. However, if EWL can be reduced at low RH to conserve water, then why is EWL not also minimized at higher RH (where EWL/Dwvp increases)? If water conservation was the primary role, then budgerigars could minimize EWL at high and low RH by keeping EWL/ Dwvp minimal. Regulation of EWL for water conservation also requires a control system, including a hygrosensory receptor and feedback control loop; although this has not been described for birds or mammals, it is not unrealistic. Nematodes and insects can sense RH using hygrosensitive neurons [41 -43] . For nematodes, both thermosensory and mechanosensory pathways contribute to hygrosensation, and similar dual hygrosensory systems have been hypothesized for insects and humans [43] .
It is more likely that regulation of EWL has a thermoregulatory, rather than water balance, role because EWL directly impacts EHL and therefore has implications for control of T b and other physiological variables. If increased RH (decreased Dwvp) reduced EWL, then EHL would also be reduced, either increasing T b or reducing MR and/or C. There was a consistent lack of an effect of RH on T b , MR, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171478
C wet or C dry (figure 3), indicating that the observed change in EWL/Dwvp with RH obviated any detectable changes in these thermal and metabolic variables, which were also in close agreement with other comparable measurements for budgerigars at low RH [31, 32] . A thermoregulatory role means that the sensory feedback system for maintenance of constant EWL may be the well-established thermoregulatory system. There is little comparative information on the effects of RH on thermal and metabolic variables for other birds, and mammals. There is an indication of a slightly decreased T b at low RH for the banner-tailed kangaroo rat (Dipodomys spectabilis) [44] but no effect of RH on MR or T b for California ground squirrels (Citellus beecheyi) [45] . For brushtail possums (Trichosurus vulpecula) at T a ¼ 258C, where EWL was regulated, there was no RH effect on MR or C wet , but MR was higher and C wet lower at lower RH at T a ¼ 308C, corresponding to a significantly lower EWL at higher RH [7] . For the little red kaluta (Dasykaluta rosamondae), there was no effect of RH on T b , MR or C at RH where EWL was regulated, but at high RH (78%), where EWL regulation appeared compromised, T b increased reflecting a decrease in EHL [6] . Together with our budgerigar data, these findings support the hypothesis that regulation of EWL plays a thermoregulatory role, and may explain why mammals and birds, which convergently regulate T b using similar endothermic mechanisms, may show similar EWL regulation as well.
Potential mechanisms for regulation of insensible EWL involve modification of CEWL and/or REWL. REWL is determined primarily by T exp and RH and reflects V I , which is determined by VO 2 and EO 2 . Our estimates of T exp for budgerigars (28, 31 and 368C at T a ¼ 20, 25 and 308C, respectively) are similar to, but slightly higher, than previously reported for budgerigars (25, 28 and 328C, respectively) [16] , and we assumed 100% RH for expired air. We found no effect of RH on T exp , but slight RH effects for V I and EO 2 that would reduce REWL at low RH. CEWL is affected by T skin , cutaneous resistance to evaporation and diffusive resistance of feathers and the air boundary layer [5] . Our partitioning results indicated an increase in effective evaporative T surface with T a , but not RH. RH regulation of CEWL would therefore seem to occur via changes in cutaneous resistance to evaporation rather than changes in T surface or plumage resistance (consistent with the lack of an RH effect on C dry ). The partitioning model indicated that R increased with lower RH at T a ¼ 208C, and decreased with increasing RH at 308C, from similar R values as at 258C. Chronic decreases in cutaneous R at low RH for birds are being linked to changes in skin lipid composition [14, 15] , but it is not clear whether similar changes occur acutely, as in our experiments. Alternatively, changes in R might reflect changes in skin hydration (water content) at varying RH; [46] reported lower CEWL at low RH (and presumably low water content) for human skin, although a substantial linear decrease in CEWL with increasing RH has been reported for newborn infants [47] and pig skin in vitro [48] .
Conclusion
We conclude that there is now evidence for regulation of insensible water loss for the two major groups of endothermic vertebrates: birds (budgerigars) and mammals [6] [7] [8] .
The EWL/Dwvp of budgerigars increases with ambient RH such that EWL remains independent of RH; consequently, there is no effect of RH on other thermoregulatory and metabolic variables. This indicates that the role of regulation of insensible EWL may be to maintain thermoregulatory constancy, and that the sensory mechanism might be thermoregulatory feedback control. Changes in both REWL, via changes in T exp , and CEWL, via changes in skin R, may provide mechanisms for this observed phenomenon. The convergence of EWL regulation in these phylogenetically different endothermic lineages is strong evidence that insensible EWL regulation is a fundamental aspect of the physiology of endothermic vertebrates. Authors' contributions. E.C.E. contributed to experimental design, was responsible for data acquisition, contributed to data analysis and interpretation, drafted the original manuscript and approved the final manuscript. P.C.W. contributed to experimental design, data acquisition, analysis and interpretation, drafting and revising the manuscript and approved the final manuscript. C.E.C. contributed to experimental design, statistical analysis and data interpretation, drafting and revising the manuscript and approved the final manuscript.
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